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Abstract: This study investigates the strength development of cement-stabilized marine
clay, which is influenced by a complex interplay of microstructural factors. To optimize its
performance for coastal and offshore engineering, we explored the relationship between
microstructure and unconfined compressive strength (UCS). Using Scanning Electron
Microscopy (SEM) and the Pore/Crack Analysis System (PCAS), we analyzed samples with
varying cement contents (10%, 15%, and 20%) and curing times (3, 7, 14, and 28 days). Key
microstructural parameters, including porosity, particle shape, size, and arrangement, were
quantified and correlated with UCS results. A novel comprehensive micro-parameter was
introduced to encapsulate the combined effects of these factors, revealing an exponential
relationship with strength development. The findings provide a quantitative framework for
predicting the performance of cement-stabilized marine clay, contributing to more efficient
solutions in geotechnical engineering.

Keywords: cement-stabilized marine clay; microstructure analysis; strength model;
scanning electron microscopy

1. Introduction

In coastal and offshore areas, marine clay often presents significant geotechnical
challenges due to its insufficient strength, high water content, excessive settlement, and
high compressibility, rendering it unsuitable for engineering purposes [1-3]. To address
these challenges and meet construction demands, various stabilizing additives have been
employed. Among them, effective stabilizers include cement [4], bioencapsulation [5],
nanometer magnesium oxide [6], polyurethane [7], halloysite nanotubes [8], and calcium-
based additives [9]. In addition, ecofriendly options such as recycled blended tiles [10],
industrial by-products [11], and granite waste [12] have also shown promise. Previous
studies have confirmed the effectiveness of these stabilizers in improving the mechanical
properties of marine clays.

Of these, cement stabilization remains one of the most reliable solutions for meeting
diverse engineering requirements over the long term [4,13]. Several studies have high-
lighted the importance of understanding the cementation process and the development of
strength in marine clay over time, emphasizing the role of microstructural changes such as
particle bonding and void reduction during hydration [14,15]. Furthermore, the durability
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of cement-stabilized marine clay under various environmental conditions, including cyclic
wetting and drying, freeze—thaw cycles, and exposure to marine water, has been extensively
examined [16-18].

The strength of cement-stabilized marine clay is a critical parameter for structural
design and performance evaluation of marine facilities. Macro-scale clay strength is in-
herently governed by microstructural characteristics [19,20], making an understanding
of the micro-mechanisms underlying strength evolution essential for material optimiza-
tion. Cement hydration is pivotal in enhancing clay strength [21-23], with factors such
as the clay-and-water-to-cement ratio, curing time, and cement content being extensively
studied [24-26]. While these studies have made significant progress in understanding the
general trends in strength improvement, there remains a critical gap in linking the detailed
clay microstructure to its macroscopic strength development [27]. Although numerous
studies have investigated the relationship between macroscopic strength and microstruc-
tural features, there is still a lack of a unified approach to quantitatively assess the impact
of specific microstructural features, such as particle size distribution, porosity, and particle
shape, on strength.

Recent advancements in microscopy techniques have enabled more detailed observa-
tion of soil microstructure during hydration [28]. Hydration products bond soil particles
and reduce void spaces, thereby enhancing strength [29,30]. However, despite these tech-
nological advancements, most studies remain qualitative, lacking a systematic, quantitative
analysis of how specific microstructural features contribute to strength. Specifically, the
relationship between the size, shape, and arrangement of particles and the unconfined
compressive strength (UCS) of cement-stabilized marine clay has not been fully estab-
lished. Addressing this issue is vital for bridging the gap between clay microstructure and
macro-scale strength, enabling precise predictions and optimizations of strength.

This study addresses this gap by developing a strength model for cement-stabilized
marine clay based on quantitative analysis of its microstructure using SEM images. Cement-
stabilized marine clay samples from the Taizhou coastal industrial zone were subjected
to UCS testing and SEM imaging. Key microstructural parameters, including porosity,
particle shape, size distribution, and arrangement, were quantified using the PCAS. The
Gray Relation Analysis (GRA) method was adopted to assess the relative importance
of these micro-parameters. By evaluating key microstructural features and correlating
these with UCS, this research establishes a comprehensive framework for understand-
ing the relationship between microstructure and strength, offering new insights into the
micro-mechanisms governing the strength of cement-stabilized marine clay. The findings
contribute to the optimization of material performance for coastal and offshore engineer-
ing applications, aligning with sustainable development goals and addressing marine
geotechnical challenges.

2. Materials and Methods
2.1. Materials

The marine clay used in this study was collected from tidal flat mud in the Taizhou
Coastal Industrial Zone, located in the eastern part of Zhejiang Province, China. This region
is characterized by high moisture content, significant compressibility, low strength, poor
permeability, and a plastic state, making it a typical example of marine clay that poses
challenges for construction in coastal areas. The samples were collected in accordance
with standard geotechnical procedures for soil extraction in marine environments. The
basic physical properties of the marine clay, including its water content, porosity, et al. are
described in Table 1. According to the Unified Soil Classification System (USCS), the soil is
classified as high-plasticity clay (CH).
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Table 1. Physical properties of Taizhou clay.
Water Content, Unit Weight, Specific Gravity, Porosity, Liquid Plastic
w (%) v (KN-m~—3) ds n Limit, wr Limit, wp
59.8% 17.3 2.817 0.616 51.9 24.5

Meanwhile, the ordinary portland cement (OPC) with a strength level of 42.5 MPa
(i.e., 42.5 N) from the Qianjiang cement factory was used for the cement stabilization of the
clay. The cement clinker contains tricalcium silicate, dicalcium silicate, and tricalcium alumi-
nate, which undergo chemical reactions with water to form cementitious substances. These
substances bind the loose soil particles together, thereby enhancing the marine clay strength.

2.2. Sample Preparation
2.2.1. Sample Preparation for UCS Test

To prepare the Cement-Stabilized Marine Clay sample, the original marine clay was
first dried in an oven at 105 °C for 24 h to remove any excess moisture and then ground
to pass through a 2 mm sieve to obtain a fine powder. The dried clay powder was then
mixed with 42.5 ordinary portland cement (OPC) and water. The water-to-cement ratio
was maintained at 1:1, with the water content of the mixture set to 40% by weight of the
dry soil. The amount of water was carefully calculated based on the dry weight of the soil
to ensure consistency in the sample preparation.

The clay—cement—-water mixture was thoroughly mixed using a mechanical mixer to
ensure uniform distribution of the water and cement throughout the clay particles. The
resulting mixture was then compacted into a standard mold (height 80 mm, diameter
39.1 mm). The sample was compacted in three layers using the standard compaction
method. After compaction, the sample was left under natural conditions for 24 h to
allow initial setting. Subsequently, the sample was carefully removed from the mold and
immediately wrapped in plastic film to prevent moisture loss. The wrapped sample was
then stored in a humidity chamber at a constant temperature of 20 £ 5 °C to maintain
stable curing conditions until the planned curing time was reached, as shown in Figure 1a.
The cement content and curing age of the samples are provided in Table 2.

Table 2. Cement content and curing age of the cemented clay.

No. Original Clay Water Content Cement Content  Curing Age (Days)
1 Taizhou clay 40 10 28
2 Taizhou clay 40 15 28
3 Taizhou clay 40 20 28
4 Taizhou clay 40 10 14
5 Taizhou clay 40 15 14
6 Taizhou clay 40 20 14
7 Taizhou clay 40 15 7
8 Taizhou clay 40 10 3
9 Taizhou clay 40 15 3
10 Taizhou clay 40 20 3

@) (b)
Figure 1. Sample preparation. (a) Sample for UCS test. (b) Sample for SEM imaging.
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2.2.2. Sample Preparation for SEM Imaging

To obtain undisturbed surfaces for Scanning Electron Microscopy (SEM) analysis, the
untreated cement-treated marine clay sample was milled, dried, and gold-coated [31]. Initially,
the sample was cut into a strip measuring 2.0 cm (length) x 1.5 cm (width) x 1.5 mm (height)
from the center, and two parallel grooves of 0.5 mm depth were carved along the middle,
with a distance of 0.5 mm between the grooves [32]. The clay strip was then dried using a
“liquid nitrogen vacuum drying method” before being fractured along the grooves to expose
the undisturbed surfaces. Finally, the surface of the clay was coated with a layer of gold to
make it conductive, using the SBC-12 ion sputtering machine from KYKY company [33].
Figure 1b shows the completed sample ready for SEM imaging.

2.3. Experimental Program

When cement paste is added to the clay, a reaction occurs between the cement and
water. The chemical reactions can be expressed as follows:

2(3Ca0-Si0,) + 6H,0 — 3Ca0-28i0, - 3H,0+3Ca(OH),

2(2Ca0-Si0, ) 4 4H,0 — 3Ca0-25i0,-3H,0+Ca(OH),

During the cement hydration process, the 3Ca0O-5iO; (i.e., C3S) and 2CaO-5i0O; (i.e.,
C;S) in cement can react with HyO, generating calcium-silicate-hydrate (3Ca0O-25i0,-3H,0,
abbreviated as CSH) and calcium-hydroxide crystals (Ca(OH),, abbreviated as CH), which
alter the microstructure of the cement-treated soil. To further understand the mechanism of
strength development at the micro-scale, the cemented clay sample was observed using
SEM. In summary, the testing procedure included unconfined compressive strength (UCS)
tests and SEM analyses. The sample preparation and testing procedures followed the
Chinese standard for geotechnical testing [34].

The UCS was measured using a WDW-T50 type microcomputer-controlled electronic
universal testing machine, manufactured by Jinan Testing Machine Factory in Shandong,
China. A vertical displacement was applied at a rate of 1 mm/min, and the stress and strain
data were collected by a microcomputer. After the stress reaches the peak value, apply 3%
to 5% additional axial strain before stopping the loading. The peak axial stress is taken
as the unconfined compressive strength (UCS) of the tested specimen. If the stress—strain
curve of the specimen does not exhibit a peak, the test should continue until the axial strain
reaches 20%, and the corresponding axial stress is considered the UCS. After the test, the
upper loading plate was raised and the specimen was removed. The UCS values of the
samples in Table 2 were all measured.

2.4. SEM Image

A scanning electron microscope of the FEG650 type produced by FEI Company in
the Netherlands was used for SEM observation (see Figure 2). The goal was to obtain
high-quality images. The accelerating voltage was 5 kV, the working distance was 10 mm,
and the secondary electron imaging mode was operated. All the tests were conducted by
the same experimenter, which can reduce subjectivity. For example, all the images can have
similar brightness and contrast. Finally, the SEM images of all samples in Table 2 were
obtained. Based on these SEM images, image processing could be conducted.
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Figure 2. Scanning electron microscope of the FEG650 type.

2.5. Image Processing

The SEM image is a gray photograph of clay, whose relatively dark region represents
pore space, and the relatively lighter region is referred to as clay particles. The thresholding
of the image is carried out to separate the two parts. The threshold determination method
has been given in our previous research [35].

Based on these threshold values, the SEM image was converted into a binarized image,
and then the measurement of micro-parameters can be performed with the help of the PCAS
software [36-38]. Finally, the micro-parameters can be obtained from the SEM images.

3. Results
3.1. Qualitative Analysis of SEM Image

Figure 3 presents a comparison of the microstructure of samples with varying curing
ages. Specifically, Figure 3a illustrates the No. 9 sample (3 days, 15% cement), and Figure 3b
shows the No. 2 sample (28 days, 15% cement).

Figure 3. SEM images of cement-treated soil with different curing ages (the magnification rate is
5000 times). (a) Three days curing time, 15% cement content. (b) Twenty eight days curing time,
15% cement content.

A greater presence of needle-like and networked structures is evident in Figure 3b
compared to Figure 3a. These structures represent ettringite (AFt) and calcium silicate
hydrate (CSH), which serves to bond smaller particles together. This morphological feature
indicates that more CSH is generated as the curing time increases. Consequently, the
particle arrangement in the microstructure changes over time. Additionally, Figure 3b
contains more smaller particles than Figure 3a. This is attributed to the higher formation
of calcium hydroxide (CH) inside the pore spaces and solid matrix as curing progresses.
As a result, there is an increase in both the variety of particle shapes and sizes. Moreover,
since there is consumption and formation of materials within the sample, the porosity
will also be affected. In conclusion, the micro-mechanism underlying the evolution of
cement-stabilized marine clay strength involves the modification of particle arrangement,
shape, size, and porosity in the microstructure.
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3.2. Quantitative Analysis of SEM Image

For a deeper quantitative analysis of the micro-mechanism of strength, the conceptual
model should be described using relevant micro-parameters. These micro-parameters can be
derived through image processing techniques. Based on the definitions (Sections 3.2.1-3.2.4)
of the various micro-parameters, four key micro-parameters—image porosity #n;, mean
shape factor F, particle grading entropy G,, and directional probability entropy Hyp—were
selected to represent the pore ratio, particle shape, particle size distribution, and particle
arrangement in the cement-stabilized marine clay, respectively.

3.2.1. Image Porosity

In the SEM image, the total area can be divided into two components: particles and
pores. The image porosity 7 is defined as the ratio of the pore area A; to the total area Ay
of the image [39]. Therefore, this value can be used to represent the natural porosity of the

cement-stabilized marine clay.
A
ms= M
The image porosity n; lies within the range [0, 1]. When the image porosity is 0, the
clay is composed entirely of particles with no pores, while when the image porosity is 1,

the clay consists entirely of pores with no particles.

3.2.2. Mean Shape Factor

The mean shape factor F is used to characterize the shape of the particles in the cement-
stabilized marine clay [40]. Its value range is (0, 1]. As the mean shape factor approaches 1,
the particle shape is increasingly circular. The mean shape factor is defined as follows:

F= %27:1 (S) @)

F =

P
< ©)

where

m is the total number of particles;

F; is the shape factor of the i-th particle.

P is the perimeter of a circle that has the same area as the particle;
S is the actual perimeter of the particle.

3.2.3. Particle Grading Entropy

Particle grading entropy G, is used to describe the distribution of particle sizes in the
cement-stabilized marine clay [41]. The value of particle grading entropy ranges from (0, 1].
As the entropy increases, the particle size distribution becomes more heterogeneous. The
grading entropy is defined as:

Ge =~ Y1, Gi(d)log,Gi(d) )

where

d is the normalized diameter of particle, ranging from (0, 1]. d = dii’ d; is the diameter of
the i-th particle, while d,;;x is the largest diameter in the entire range.

[ is the total number of equally divided intervals across the particle diameter range. In this
study; it is set I = 20;

Gi(d) is the proportion of particles whose normalized diameter d falls within a specified
range, such as [0, 0.1).
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3.2.4. Directional Probability Entropy

The directional probability entropy H;, describes the spatial arrangement of particles in
terms of their orientation [42]. This parameter can be used to assess the degree of orderliness
in the particle arrangement within the cement-stabilized marine clay. Directional probability
entropy falls within the range [0, 1]. When the value of H,, is 0, all the particles are aligned
in the same direction, while a value of 1 indicates that the particles are oriented randomly.
As the value of the entropy H,, increases, the particle orientations become more disordered.
The directional entropy is defined as:

Hp = _Zle Pi(ap)log,Pi(ap) (5)

where

«p is the direction of the p-th particle, which ranges from [0-180°];

k is the number of equally divided areas in the whole particle direction range [0-180°]. In
this paper, it is set k = 18;

P;(a) represents the percentage of particles whose directions a belong to a particular angular
range, such as [0°, 10°).

3.3. Results of UCS and Micro-Parameters

The measured UCS and micro-parameters of the cement-stabilized marine clay are
all provided in Table 3. The UCS values ranged from 10.21 kPa to 354.2 kPa, influenced
by varying curing durations and cement contents. As the curing time increased, the UCS
showed consistent improvement. Similarly, higher cement content led to higher strength.
This can be attributed to the hydration reactions of C3S, C,S, and water upon mixing
cement with clay, which form C-S-H gel and CH. These products enhance the cementation
between clay particles or aggregates. However, the hydration rate is influenced by the
cement content. For 10% and 15% cement contents, the hydration reaction proceeds slowly
during the first 14 days, leading to gradual strength gain. After 14 days, as the cement
particles continue to dissolve, the reaction accelerates, resulting in a significant strength
increase by 28 days. At 20% cement content, the hydration reaction is faster, leading to a
more rapid increase in strength.

Table 3. Micro-parameters of untested cement-stabilized marine clay sample.

No. Cenéir:t eSlllltlrry Curing Age Bff(:)rr(;sjlfe)rst ucs Micro-Parameter Value
%) (Days) N 4 (kPa) s G, H, F

1 10 28 0.553694 50.6 0.3616 0.3331 0.9902 0.4348
2 15 28 0.557531 158.26 0.4008 0.3384 0.9938 0.4298
3 20 28 0.560991 354.2 0.3738 0.3181 0.9946 0.4400
4 10 14 0.564174 12.05 0.3217 0.2993 0.9914 0.4305
5 15 14 0.567300 24.75 0.3994 0.3792 0.9897 0.4100
6 20 14 0.572877 122 0.4576 0.2982 0.9879 0.3981
7 15 7 0.528829 11.33 0.32568 0.2397 0.9913 0.4430
8 10 3 0.545032 11.31 0.3298 0.2436 0.9898 0.4236
9 15 3 0.552927 10.21 0.3299 0.3056 0.9884 0.4242
10 20 3 0.553694 11.2 0.3030 0.2214 0.9899 0.4318

Additionally, variations in water content and mixing uniformity may have affected
the results [43,44]. For samples with a curing time of 3 days (samples No. 8, 9, and 10), the
10% cement content sample (No. 8) exhibited the highest strength of 11.31 kPa, indicating
sufficient hydration and strong cement-soil bonding. In contrast, the 15% cement content
sample (No. 9) showed a decrease in strength to 10.21 kPa, likely due to insufficient hydra-
tion water and uneven mixing. The 20% cement content sample (No. 10) exhibited a slight
recovery in strength to 11.2 kPa, suggesting that the higher cement content compensated
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for incomplete hydration by facilitating the formation of more cementitious structures.
Extending the curing time to 7 days improved the strength of the 15% cement sample to
11.33 kPa, indicating further hydration and the formation of additional C-S-H gel, which
enhanced particle bonding.

In addition, Figure 4 illustrates how the micro-parameters evolve as curing time
increases for samples with 15% cement content. The particle grading entropy G, exhibits a
more noticeable variation during the hydration process due to the generation of smaller
particles as cement hydration progresses. Both the image porosity n; and the mean shape
factor F show only slight changes as the curing age increases. The directional probability
entropy H,; remains relatively stable during curing. Figure 5 demonstrates how the micro-
parameters evolve with varying cement content for samples cured for 14 days. The cement
content has a more significant effect on the image porosity n; and particle grading entropy
G, than on the mean shape factor F and directional probability entropy H,. To further
explore the relationship between each micro-parameter and UCS, Gray Relation Analysis
(GRA) was conducted.
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Figure 4. The evolution of micro-parameters with increasing curing age.
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Figure 5. The evolution of micro-parameters with increasing cement content.

4. Discussion
4.1. Gray Relation Analysis of Micro-Parameter Influences

Gray Relation Analysis (GRA) is a multi-factor statistical method used to study the
relationships between various influencing factors [45,46]. In this study, the strength of
cement-stabilized marine clay and its influencing factors are considered within a gray sys-
tem. The influence of these factors can be quantitatively assessed using the gray relational
grade <yp; obtained from the GRA. It is important to note that a higher gray relational grade
Yoi indicates a stronger influence of the corresponding micro-parameter on the UCS.

The GRA results show the following relational grades -y¢; for the micro-parameters:
image porosity (0.7586), mean shape factor (0.7446), directional probability entropy (0.7436),
and particle grading entropy (0.7628). Among these, particle grading entropy has the
highest relational grade, followed by image porosity, which is slightly lower than particle
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grading entropy but higher than the other two micro-parameters—mean shape factor
and directional probability entropy. The relational grades of the mean shape factor and
directional probability entropy are nearly equal. These results suggest that the order of
importance for the micro-parameters influencing strength is as follows: G, > ns > F = Hy,.

4.2. Comprehensive Micro-Parameter and Clay Strength

To account for the combined influence of porosity, particle arrangement, size, and
shape during the hydration process, a comprehensive micro-parameter is M introduced.
This parameter is a combination of the four micro-parameters mentioned above, defined
as follows:

()

M= H,C. (6)
where c is the cement content, expressed as a decimal (e.g., 10% as 0.10); ¢ is the curing age
(unit: day).

The strength of cement-stabilized marine clay increases with curing time, as the
microstructure undergoes modifications. The relationship between strength and the com-
prehensive micro-parameter for these clay samples is shown in Figure 6a. Similarly, as
cement content increases, the strength also improves due to changes in the microstructure.
And the relationship between their strength and the corresponding comprehensive micro-
parameter is presented in Figure 6b. These results indicate that the functional form of the
relationship is similar for both different curing times and cement contents. Therefore, both
conditions can be fitted using a unified exponential function, as shown in Figure 6c.

Strength, 7/ kPa

B o Y=2009e0%
so k- . R=06148
~.

0 1 2 3 4 5 6 7
Comprehensive micro-parameter, M

@

350 [ %

300 | \

Vo y=34959e12%
v R2=0.9981

Strength, 7 / kPa
s

0 . . .
0 1 2 3 4
Comprehensive micro-parameter, M

(b)
400
350 .
s 300 -
a
~
<250 F
=
= 200 | N
en ' 2
5 150 | Moo y=74278e 074
o M. e R2=08227
100 .
S
50 F AR
0 . . . R Sl R [Py
0 1 2 3 4 5 6 7

Comprehensive micro parameters, M
(0)
Figure 6. Strength model for the cement-stabilized marine clay. (a) Relation between M and UCS
influenced by curing age. (b) Relation between comprehensive micro-parameter M and UCS influ-
enced by cement content. (c) Unified exponential function of all comprehensive micro-parameters M
and UCS.
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Based on the experimental results in this paper, the relationship between comprehen-
sive micro-parameter and UCS of cement-stabilized marine clay can be obtained by the
exponential function fitting:

T =ge ™ (7)

where T is the UCS of cement-stabilized marine clay, M is the comprehensive micro-
parameter, a, b are the coefficients in the equation. The values of a, b for cement-stabilized
marine clay are shown in Figure 6.

5. Conclusions

This study investigates the strength model of cement-stabilized marine clay. The
following conclusions are drawn:

The strength improvement in cement-stabilized marine clay is attributed to the mi-
crostructural changes induced by cement hydration. These changes can be effectively
described using micro-parameters such as porosity (1), particle shape (F), size (G,), and
arrangement (H,,), which play key roles in influencing strength development.

The sensitivity analysis conducted using Gray Relation Analysis (GRA) reveals the
relative importance of these microstructural parameters. Among them, particle grading
entropy G, is identified as the most influential factor, followed by image porosity n,, with
the mean shape factor F, and directional probability entropy H,, showing a similar degree
of influence. These findings provide a clear pathway for optimizing cement-stabilized
marine clay by enhancing key microstructural features.

A comprehensive micro-parameter, which combines the effects of porosity, particle
shape, size, and arrangement, has been proposed. This parameter is shown to have an ex-
ponential relationship with the unconfined compressive strength (UCS), providing a robust
framework for strength prediction. However, further validation through extensive testing
is recommended to refine the model and confirm its applicability in broader scenarios.

This research provides valuable insights for optimizing the strength of cement-
stabilized marine clay in coastal and offshore engineering applications. By understanding
the microstructural mechanisms that govern strength development, engineers can make
more informed decisions when designing and constructing marine infrastructure, particu-
larly in challenging coastal environments where clay conditions are variable and dynamic.

Practical Applications: This study contributes significantly to the optimization of
cement-stabilized marine clay for marine engineering, offering important strategies for
improving soil strength and stability. The findings can guide the design of coastal and off-
shore infrastructure, especially in areas where soil modification and stabilization are critical
for maintaining the performance and safety of structures. Furthermore, this study lays a
foundation for future research on the relationship between other macroscopic properties
of marine clay and its microstructural parameters. Future work will expand the analysis
to include additional macromechanical parameters, such as compressive modulus, and
conduct a more systematic study incorporating these microstructural parameters.
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